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2-D ERAbstract This study evaluates the capability of surface electrical resistivity technique for identify-
ing the weak zones or subsurface cavities in karst area with limestone rocks. Weak zones or cavities
near surface can be potentially dangerous and several problems are associated with collapse of
roads or buildings accompanied by subsidence phenomena. Karst environments are characterized
by distinctive landforms, which are related to dissolution and dominant subsurface drainage. The
interaction of limestone with water is able to create karst features such as cavity, pinnacle, boulder
and sinkhole through the dissolution process. The existence of subsurface karst features are always
a matter of concern to engineers before any development starts because these features could cause
disaster in the future. The study was conducted at Tuwaiq Mountain Limestone, Riyadh region,
KSA with the objective to detect and treat karst features at limestone rocks. The karst features such
as fill cavity, boulder, pinnacle, discontinuity and overhang were detected in the survey lines. The
2-D ER results showed a good correlation with all the borehole records in determining the subsur-
face of limestone formation. The 2-D ER method is capable in mapping karst features and bedrock
depth. The ability of the electrical technique to produce high resolution images of the subsurface,
which are useful for subsidence assessment is illustrated.
 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Karst voids are often a major engineering risk associated with
construction in areas underlain by carbonate rocks. Severalproblems are associated with subsurface karstic voids, such
as road and highway subsidence, building foundation collapse
and dam leakage. Large void formation in a karst environment
may lead to sudden and catastrophic pavement failure, while
fine particles’ slow migration from the sub-base may cause
gradual ground subsidence. Any of the above situations in a
karst environment can be expensive for engineering structure
design.
Subsurface cavities are often a major risk in the areas lying
underneath by carbonate rocks. There are several problemsetection
2 A. Abd El Aalassociated with sinkholes such as the collapse of building foun-
dations and road subsidence [1]. The presence of subsurface
cavities can cause great public safety hazards in civil engineer-
ing works. Civil engineering problems include underestimation
of foundation dimensions and catastrophic subsidence of
building and roads created by the occurrence of sinkholes
[2]. The purpose of this study is to delineate the presence of
underground cavities with the electrical resistivity technique
and drilling results. To evaluate these methods, we have car-
ried out electrical resistivity surveys and have analyzed 15
drilled data.2. Stratigraphy and geographic distribution
The Tuwaiq Mountain Limestone rocks form west facing cliffs
(Fig. 1), which extend for more than 1200 km from south to
north in central Saudi Arabia [3]. The area of study is located
between latitudes 24 31 and 24 35 N and between longitudesFigure 1 Geologic map of the Tuwaiq Mountain Lim
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tion of Tuwaiq Mountain Formation and parts of the underly-
ing Dhruma Formation and the overlying Hanifa Formation.
It shows the main microfacies of the studied rocks. The total
thickness of this sequence of Tuwaiq Mountain Limestone is
186.5 m. [4] divided the Tuwaiq Mountain Formation into
lower and upper parts. [5] divided the formation into three
parts and call them (T1, T2 and T3).
The total outcrop length is above 1000 km, and itswidth does
not exceed 85 km in any location. The greatest outcrop width
and thickness (1100 m thick) are in the Al-Riyadh region, which
is the area closest to the open sea domain of the Tethys, located
to the north-east of Riyadh, and underlays most of the present-
day Arabian Gulf [6,7]. Tuwiaq is one of the largest worldwide
sedimentary plateaus; it is located within the Arabian shelf and
parallel to the Arabian shield that lines eastern Saudi Arabia.
Jebel Tuwaiq is narrow escarpment that cuts through the pla-
teau of Najd in central Arabia. It is made of limestone from
the Middle Jurassic-stratigraphic section. The central Najdestone and adjacent formations, modified from [6].
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Figure 2 (A) Stratigraphic columnar section of Jabal Tuwaiq Formation illustrating the upper and lower contact, (B) and (C) solution
side wall developed caves.
Characterization of cavities in Tuwaiq Mountain Limestone 3region is dominated by several prominent Jurassic cuestas (dip
slope plus escarpment) that extend for some 1600 km in an arc
fromAl-Nafud in the north to Rub’ al Khali in the south, which
runs approximately along Wadi ad-Dawasir. On average, it is
600 m high and has an altitude of 800–1000 m a.s.l. The Tuwaiq
Mountain Limestone is named after Jabal Tuwaiq, the spectac-
ular, nearly parallel sequence ofwest-facing scarps (cuestas) that
developed in the Jurassic rocks of central Arabia [1]. It forms the
largest and most persistent of these escarpments and, as such,
constitutes the backbone of Jabal Tuwaiq. The lithostratigraphy
of the Tuwaiq Mountain Limestone has been described by
[8,9,3,10–14], which is composed of white to gray limestone with
adjacent cavities aver all the stud area (Fig. 2B and C). The
thickness of the Tuwaiq Mountain Limestone reaches a maxi-
mum of between 200 and 250 m in the Darb al-Hijaz to the
Nisah (latitude 24 1500N) area and uniformly becomes thinner
as it moves to the south and to the south, where it becomes 45–
60 m thick at its northern and southern extremities.
3. Karst morphology
Karst phenomena exist in areas in the eastern part of Saudi
Arabia, forming solution features such as sinkholes, collapsed
declines and solution caverns, as a result of the chemicalPlease cite this article in press as: A. Abd El Aal, Identification and characterization o
and treatment”, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.00leaching of the carbonate and evaporite formations by percolat-
ing water. The instability of these karst phenomena could pro-
duce land subsidence problems. This paper reviews the
geology of documented karstic rock units in Saudi Arabia and
proposes a simple engineering classification of the solution fea-
tures characteristic of Tuwaiq Mountain Limestone formation.
The karst geomorphology is a distinctive terrain developed
on soluble rocks (carbonates and evaporates) with landforms
affected by underground drainage. Disrupted surface drainage,
sinkholes and caves, open fractures and side wall cavities are the
main diagnostic features that characterize these types of land-
forms (Fig. 3A–D). The geometric complex natural cave pas-
sages create uniquely difficult ground conditions for civil
engineering [15]. Solid limestone of high bearing capacity is
interspersed with open and sediment-filled voids as well as
pinnacles at shallow depth that complicate foundation design,
subsurface homogeneity, integrity, and excavatability. The
unpredictability of these features underlying a proposed engi-
neering project increases the challenges for the ground engineer.
4. Site of investigation
At this site, borehole investigations confirmed the existence
of subsurface cavities at various depths and complicatedf near surface cavities in Tuwaiq Mountain Limestone, Riyadh, KSA, ‘‘detection
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Figure 3 The Tuwaiq Mountain Limestone foundation bedrock (A), (B) and (C) the occurrences of caves and open fractures and (D)
solution of side caves affecting the side wall rocks.
4 A. Abd El Aalnetworks of subsurface cavities have developed as a result of
limestone dissolution. Most cavities are located in the upper
part of the bedrock which is right beneath the regolith layer [2].
5. Method of caves and sinkholes detection
Karst limestone foundation bedrock caves in, sinkholes and
open fractures Jabal Tuwaiq have been studied using several
methods, specifically geomorphologic studies and measure-
ments, geologic mapping and geophysical survey. The most
effective and applicable methods used to detect the karst
anomalies in the studied site can be summarized as follows:
6. Geological maps
Studying the main geologic units of the Jabal Tuwaiq founda-
tion bedrock from the available published geologic maps, geol-
ogy papers and reports is a very good start for assessing the
expected karst foundation problems. Also preparing detailed
geologic maps for the proposed project including lithologic
descriptions showing joints, fractures and fault zones facili-
tates the prediction of the distribution of these karst units lat-
erally and with depth. The geologic desk studies and mapping
represent the first phase of a site’s geotechnical investigation
program. The geologic studies represent the most economical
and quickest method for predicting and evaluating the risk
of karst foundation bedrock. The geologic studies that have
been done for the three sites give very strong indications ofPlease cite this article in press as: A. Abd El Aal, Identification and characterization o
and treatment”, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.00the existence of karst foundation bedrock hazards. Project
designers used this geologic data to add new project tasks
including detection of karst features under the proposed build-
ings as well as treatment of the detected karst features.
7. Core drilling results
In this study, after processing and interpreting the resistivity
data, exploratory drilling confirmed whether areas delineated
as having low resistivity were actually cavities. Borehole dril-
ling was carried out the 15 selected for coring points. The bore-
hole drilling was selected based on the strength of the
anomalies. Fig. 4A clearly shows that the borehole in lime-
stone cavities at Jabal Tuwaiq; each borehole’s results were
comparable to delineated low resistivity areas along survey
point within the study region. The geotechnical method used
is drilling to get the borehole record and samples. This method
required rock sampling and description of the sample, is based
on rock quality designation (RQD) test which is ranging from
75% to 90%. The sample from the drilling can describe the
characteristic of the subsurface layers and possibility of the
presence of karst features at the point.
8. The electrical resistivity (ER) method
Non-destructive geophysical methods have been used widely in
karst region. Cavities may be dry, air filled, soft sediment filled
and full or partial filled with water, which affects the geophys-f near surface cavities in Tuwaiq Mountain Limestone, Riyadh, KSA, ‘‘detection
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Figure 4 Mechanical propping for detecting caves in limestone foundation bedrock (A) is probe machine and (B) is resistivity equipment
for 2D ER.
Table 1 Permeability of study limestone rock.
Time (s) Water drop (cm) H (H/Ho)
0 0.0 450.00 1.00
60 68.0 382.00 0.85
180 77.0 373.00 0.83
300 89.0 361.00 0.80
600 100.0 350.00 0.78
900 121.0 329.00 0.73
1200 155.0 295.00 0.66
1500 176.0 274.00 0.61
1800 198.0 252.00 0.56
2700 202.0 248.00 0.55
3600 233.0 217.00 0.48
5400 245.0 205.00 0.46
7200 265.0 185.00 0.41
9000 278.0 172.00 0.38
10,800 303.0 147.00 0.33
Characterization of cavities in Tuwaiq Mountain Limestone 5ical response in density, resistivity and other measurable con-
trasts. Therefore, the detailed subsurface mapping leading to
the identification of sinkhole areas is needed. Electrical resis-
tivity method is found to be the most effective tool to detect
voids. Each geophysical technique requires sufficient contrast
in measurable physical properties. An electrical resistivity sur-
vey has been recorded as a well-known geophysical method to
detect subsurface cavities in karst regions where the cavity can
be detected based on resistivity anomaly from background
[16].
Using one method such as geotechnical or geophysical for
subsurface characterization is not highly accurate and efficient.
The geotechnical method is costly due to drilling works espe-
cially when drilling point is needed many points of boreholes
and can cause damage to the subsurface area (destructive).
The geophysical method should be integrated with another
method to get good accuracy, such as correlation with other
geophysical methods such as seismic refraction or correlation
with geotechnical methods. The integration of geophysical
and geotechnical methods was applied in this study to get good
accuracy and reliable results to determine the karst features on
the subsurface of study area.
The geophysical method used in this study is 2-D electrical
resistivity imaging (2-DERI). This Geophysical method is use-
ful for studying karst terrains because of the intrinsic hetero-
geneity of the medium [17,18]. The electrical resistivity
method has proven useful for the subsurface imaging
[16,18,19]. This geophysical method is to identify anomalies
related to underground cavities, gaps, underground bodies or
aquifers under pressure and has been developed recently using
miniature geophysical apparatus, data acquisition and com-
plex calculation methods [20–22].
The ER method involves determining subsurface resistivity
distribution by taking ground surface measurements; it is
based on Ohm’s law. Current is usually introduced into the
ground by one pair of electrodes and a second pair is then used
to measure the resulting potential difference. An apparent
resistivity (a) a is determined by measuring potential difference
DV at a different couple of electrodes’ spacing: where k is a
geometric constant depending on the four electrodes reciprocal
positions and is injected current intensity. However, data are
acquired simultaneously if multiple electrodes are used and
the area will be efficiently covered though probes at various
depths. A fast numerical approach is then required to optimizePlease cite this article in press as: A. Abd El Aal, Identification and characterization o
and treatment”, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.04.00an initial multi-layer model constructed from such apparent
resistivity values Fig. 4B. These data can be converted to a true
geological model of the subsurface through inversion tech-
niques. This study was designed to characterize the upper
12 m of rock in the area under investigation.
9. The in-situ permeability tests
The site supervision geologist records the depth of water loss
and its quantity to give one of the most important criteria
for karst limestone foundation bedrock. All executed bore-
holes along the studied three sites indicate the presence of dril-
ling fluid loss at depths ranging between 3 m and 10 m. Most
of the executed boreholes in the studied area indicate large
quantities of drilling fluid loss (high permeability).
The in-situ permeability tests, namely falling head indicate
that the rock mass permeability ‘k’ values of Jabal Tuwaiq
Formation are generally below 1  105 m/s (Table 1 and
Fig. 5). However losses of drilling water and backfill grout
have been experienced in boreholes and large inflows of water
have been met in excavations confirming the possibility that
there are interconnected water paths developed through an
extensive solution system. The permeability test can be calcu-
lated from the following equation:f near surface cavities in Tuwaiq Mountain Limestone, Riyadh, KSA, ‘‘detection
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F T
ð1Þ
where A= cross-sectional area of hall = 19.63 cm2,
A = cross-sectional area of hall = 19.63 cm2, F= intake fac-
tor = 2.75 D = cm, T= Time at (H/Ho = 0.77) = very
small. Then (K) = very big value (high permeable rock).
10. Data interpretation (ER)
Fig. 6A and B shows results of the electrical resistivity
acquired in most risky area, where blue colors representing
low resistivity values are depicted. As it is shown, resistivity
values greater than 200 ohm-m are mapped as limestone while
resistivities less than 50 ohm m are mapped as clay filled cavi-
ties or weak zone. The resistivities greater than 50 ohm-m, but
less than 200 ohm-m are interpreted as weathered soils. The
resistivity imagings are in great agreement with the informa-
tion gained from the borehole drilling. Fig. 6A, B shows the
limestone of study area, shows low resistivity region and indi-
cates what karst development such as weak zone or subsurface
cavities is going through in this region. The anomalies at the
depths of 1–2 m clearly indicate the location of a weak zone
or subsurface cavities. Alternately, in order to display the three
dimensional extent of a low resistivity zone, an iso-resistivity
surface was also produced (Fig. 7-Profile 17), which corre-
sponds to resistivity lower than 50 ohm-m. According to
Fig. 7-Profile 18, the low resistivity anomalies are located
between lines 5–6, which clearly indicate the subsurface cavi-
ties zone.
11. Mechanism and origin of cavities
The deposition of dissolved carbonate minerals is accompa-
nied, and usually generated by the release of some of the car-
bon as CO2. When the bedrock is water-saturated, the
dissolution continues along the bedding planes through the
horizontal cracks between rock layers and joints, or fractures
in the rock itself. These conduits enlarge over time, and the
water moving through the combination of gravity and hydrau-
lic pressure will further enlarge the conduits via a combination
of dissolution and abrasion of the surrounding rocks. The
communication varieties among chemical, physical and biolog-
ical processes have a broad range of geological effects, includ-
ing dissolution, precipitation, and sedimentation and ground
subsidence. Diagnostic features such as sinkholes (dolines),
sinking streams, caves and large springs are the result of the0.10
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be dispersed to entrenched effluent streams.
Initially, most of the underground water moves by laminar
flow within narrow fissures, which gradually become enlarged
at or below the water table to form subsurface caves. Once a
certain conduit-size threshold is exceeded, which is typically
around 10–20 millimeters, the flow becomes turbulent. The
caves contain a variety of dissolution features, sediments and
speleothems (deposits with various forms and mineralogy,
chiefly calcite), all of which may preserve a record of the geo-
logical and climatic history of the area, surface and subsurface,
due to the solution and associated processes.
Most sinkholes were created on soluble carbonate rocks
(marble, limestone and dolomite) because of greater dissolu-
tion related with the difference in composition. The sinkholes
developed at both the surface and subsurface are due to the
solution and associated processes [23] has documented three
main and most imperative situations that may lead to develop-
ment of sinkholes in karst region under tropical climate.
Firstly, due to discrepancy of dissolution in areas, the
power of rainwater is greatest at the surface and the first
10 m from it; so the surface of exposed or uncovered carbonate
outcrops has eroded, thus lowering the ground in the area.
This generally results in sinkholes with shallow depression that
may extend up to several tenths of meters.
The materials then move away within slowly enlarging fis-
sures, whereby initial openings and cracks are produced by
the continuation of the dissolving process on the soluble rocks.
This is due to activity of the depressive waters. An internal
karst conduit system into the underlying carbonate occurs
and results in the growth of cavities in the rock. If the ceiling
or the upper limit of the cavity is not strong and eventually col-
lapses, a sinkhole may form at the ground surface.
Secondly, in the subsurface, dissolution and downward
gravitational movement of the overlying material due to defor-
mation and internal erosion occurs. Rainwater with a high
amount of carbon dioxide finds its way through the cracks
and causes fractures in the underlying porous limestone rocks,
which converts the calcium carbonate by a chemical process
into dissolved bicarbonate. The dissolved substance is then
washed away. Consequently, the original minute-line cracks
or the joints in the rock are gradually widened and enlarged;
hence, it produces a pattern of fissures. If rainwater penetrates
deeper into the subsurface, it forms cavities by corrosion.
When this rainwater starts to flow through the under-
ground cavities, it accumulates and fills the holes. Due to the
mechanical process of erosion, a destructive action in breaking6000 8000 10000 12000
me in (sec)
ndicate the ‘k’ values of Jabal Tuwaiq Formation.
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Figure 6 (A) Cavity detection in limestone rock at depth ranged from 1.0 to 2.0 m, (B) cavity detection in limestone rock at two depths
ranged between 2.0 to 3.0 and 5.0 to 6.0 m.
Figure 7 Profiles 17 and 18; inverse model of 2D electrical resistivity imaging lines A and B showing the detection of the subsoil karst
features. The circles indicate high resistivity zones of empty caves.
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Figure 8 Karst foundation bedrock treatments, (A) mixing the grout in the sit (see the corner photo after mixing) (B) drilling for grout
(C) and (D) grout injection with high filling (cement).
8 A. Abd El Aaldown and carrying away the rock in a system of linked cavities,
cracks, and channels. The water can build up pressure, forming
dams that can occasionally cause water to flow uphill. Water-
courses can develop consisting of caverns, passages and chan-
nels or conduits and the faster the water flows the deeper the
underground cavern becomes completely filled with water.
The dissolution process then depends on the rate at which
the water percolates or seep into cavern through the roof. If
the land above the cavern is covered with forests, the flow of
water with high carbon dioxide content will be much stronger
than on under grazing land or a totally exposed surface. Col-
lapse of the cavity roofs caused by dissolution over voids (by
the upward diffusion) also results. Deep-seated dissolutional
voids may be associated with this phenomenon. Also, a pipe
that may reach several hundred meters in height and with
sharp-edged depressions up to a few tens of meters in diameter
generally results.
Thirdly, the situation caused by tectonic activity and earth-
quakes in karst terrain regions plays a major role in the devel-
opment of sinkholes in both surface and subsurface. Tectonic
fractures occur and these enlarge the networks of open fissures.
Collapse or subsidence of the ground surface occurs as the soil
slumps, widening both joints and fractures. Constructive flow
paths enlarge selectively into caves. The enlargement of a cave
or caves and the cavity produced on bedding planes, opening
or interconnecting of voids in a block of karstic limestone,
may also occur.
12. Caves treatments
The karst limestone caves, sinkholes and open fractures cause
severe damage to buildings globally and the main target of sitePlease cite this article in press as: A. Abd El Aal, Identification and characterization o
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and lateral distributions of these foundation problems and
adopt the most economic solution for treatment. Several engi-
neering methods have been used worldwide in several projects
and include engineering fill, engineering fill and geosynthetics,
concrete filling and cement grout low pressure injection. The
most common techniques of karst treatment are based on con-
creting and cement grout injection filling. The author has reser-
vation on using concreting and injection work for filling the
caves and open fractures in the areas that have shallow
groundwater aquifers. The concreting and injection work will
close all underground drainage channels and also will pollute
the groundwater aquifer. The studied site is treated using con-
crete filling and cement grout low-pressure injection.
The process of foundation bedrock treatment can be done
according to the depth of cavities; the following cases are
included in the present study:
(1) At the near surface excavation level, any cavities/fissures
and solution channels encountered at rock surface or
slightly below rock surface shall be exposed, trimmed,
cleaned and then filled with engineering fill materials if
the cave and sinkhole size can be properly compacted
to minimize the expected risk of fill material settlement.
(2) The relatively deep (greater than 2 m depth) caves and
sinkholes can be treated by high slump concrete or
cement grout low pressure injection. Deeper cavities
can be treated by pumping cement-grout or cement-
sand grout mixtures through an injection packer system
fixed on top of the probe holes (Fig. 8a–d). The grouting
will be started with the specified grout mix until the cave
is completely filled and refusal is achieved under a max-f near surface cavities in Tuwaiq Mountain Limestone, Riyadh, KSA, ‘‘detection
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Characterization of cavities in Tuwaiq Mountain Limestone 9imum 0.2 MPa (2 bar) pressure. In the case of multiple
cavities in any drill hole, treatment shall proceed from
the lowest cavity and be completed for that cavity before
proceeding to the next shallower cavity.
13. Conclusions
The water interaction toward limestone able to form karst fea-
tures (pinnacle, boulder, cavity and sinkhole) through dissolu-
tion process at Jabal Tuwaiq Formation. The karst features
formed by the dissolution process. The cavity is a big problem
in infrastructure works. Detecting karst feature such as cavity
is challenging work, because the karst subsurface is compli-
cated and difficult to predict. The case studies demonstrate
that electrical resistivity profiling can be successfully used to
image the subsurface in karst terrain because this method is
ideally suited to differentiating weathered soil, clay filled cavi-
ties and bedrock. The objective was to apply resistivity method
for locating weak zones or subsurface cavities in karst regions.
The electrical resistivity traverses and boreholes drilling tech-
nique effectively created the subsurface imaging at the study
site. The geophysical and drilling results showed the occur-
rence of limestone of layers ranging from 3 to 7 m thought
out the site. According to the results obtained from two dimen-
sional electrical resistivity method and borehole drilling, it is
concluded that electrical resistivity has proved to be effective
tools for imaging subsurface cavities.
Finally, it is recommended to inject cement based grout into
subsurface cavities in order to improve strength and reduce
permeability.
The ER survey of a proposed road construction site
revealed several low resistivity regions which were interpreted
as clay/water-filled voids in a karst terrain. A shallow boring
program involving the anomalous portion of the surveyed area
revealed numerous cavities and verified the resistivity measure-
ments’ overall accuracy. The synthetic model and the field sur-
vey results demonstrated the efficacy of 2-D ER method in
subsurface cavity mapping. The drilling result validated cavity
location and existence delineated by the ER technique and lent
credence to its applicability in karst terrain. It is recommended
that cement-based grout should be injected into the subsurface
cavities to improve the strength of subsurface materials and
reduce permeability.
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